Receptor-like kinases (RLKs) are a family of transmembrane proteins with versatile N-terminal extracellular domains and C-terminal intracellular kinases. They control a wide range of physiological responses in plants and belong to one of the largest gene families in the Arabidopsis genome with more than 600 members. Interestingly, this gene family constitutes 60% of all kinases in Arabidopsis and accounts for nearly all transmembrane kinases in Arabidopsis. Analysis of four fungal, six metazoan, and two Plasmodium sp. genomes indicates that the family was represented in all but fungal genomes, indicating an ancient origin for the family with a more recent expansion only in the plant lineages. The RLK/Pelle family can be divided into several subfamilies based on three independent criteria: the phylogeny based on kinase domain sequences, the extracellular domain identities, and intron locations and phases. A large number of receptor-like proteins (RLPs) resembling the extracellular domains of RLKs are also found in the Arabidopsis genome. However, not all RLK subfamilies have corresponding RLPs. Several RLK/Pelle subfamilies have undergone differential expansions. More than 33% of the RLK/Pelle members are found in tandem clusters, substantially higher than the genome average. In addition, 470 of the RLK/Pelle family members are located within the segmentally duplicated regions in the Arabidopsis genome and 268 of them have a close relative in the corresponding regions. Therefore, tandem duplications and segmental/whole-genome duplications represent two of the major mechanisms for the expansion of the RLK/Pelle family in Arabidopsis.
All living systems receive and process information at the cellular level through various classes of cell surface receptors. In plants, at least two different types of transmembrane kinases have been reported, including receptor-like Ser/Thr kinases (RLKs; for reviews, see Walker, 1994; Becraft, 1998; Torii, 2000; Shiu and Bleecker, 2001a) and receptor His kinases (for review, see Urao et al., 2001) .
In Arabidopsis, RLKs belong to a large, monophyletic gene family (RLK/Pelle) with more than 610 members, including receptor kinases and nonreceptor kinases (receptor-like cytoplasmic kinase [RLCK] ; Shiu and Bleecker, 2001b) . In addition to its large size, RLK family members vary greatly in their domain organization and the sequence identity in their extracellular domains (Shiu and Bleecker, 2001a) . This diversity suggests that RLKs may function in the perception of a wide range of signals or stimuli. This notion is justified by the identification of putative protein and lipid ligands for RLKs, such as CLAVATA3 (CLV3) for CLAVATA1 (CLV1; Trotochaud et al., 2000; Brand et al., 2000) , brassinosteroid for BRI1 (Wang et al., 2001) , and SCR/SP11 for S-locus receptor kinase (SRK) (Kachroo et al., 2001; Takayama et al., 2001 ). On the basis of the presence/ absence and identity of the extracellular domains and the kinase domain phylogeny, the RLK/Pelle family is subdivided into 45 subfamilies (Shiu and Bleecker, 2001b) . The diversity of domain organization and large gene number in this family suggest that domain fusion contributed to the formation of novel receptor kinases, and subsequent gene duplications resulted in the expansion of the RLK/Pelle subfamilies in plants. On the basis of a preliminary analysis of four subfamilies on Arabidopsis chromosome 4, tandem duplication and whole-genome duplication and reshuffling are hypothesized to be two of the major mechanisms accounting for this expansion (Shiu and Bleecker, 2001b) .
Within the Arabidopsis RLK gene family, more than 400 members have a domain configuration resembling transmembrane receptors, implying a major contribution of this class of proteins in the perception of cell surface signals in plants. Although relatively few RLKs have been studied in detail, recent studies implicate RLKs in a diverse range of processes. Some RLKs are involved in the control of plant growth and development under normal growth conditions, such as CLV1 in controlling meristem development (Clark et al., 1993) , BRI1 in mediating brassinosteroid signaling (Li and Chory, 1997) , and ERECTA in organ elongation (Torii et al., 1996) . SRK from Brassica spp. is involved in self-incompatibility (Stein et al., 1996) . Other RLKs involved in plantmicrobe interactions and stress responses, such as rice (Oryza sativa) Xa21 in resistance to bacterial pathogen (Song et al., 1995) , Arabidopsis FLS2 in flagellin perception (Gomez-Gomez and Boller, 2000) , Lotus sp. SYMRK and Medicago sp. NORK in nodulation (Endre et al., 2002; Stracke et al., 2002) , and tomato (Lycopersicon esculentum) SR160 in systemin signaling (Scheer and Ryan, 2002) . On the other hand, more than 200 RLK/Pelle members do not have a receptor configuration. Very few of these RLCKs have known function. One of them, PBS1 of the RLCK VII subfamily is involved in disease resistance response (Swiderski and Innes, 2001) . The large RLK gene family presents an intriguing subject for the analysis of the evolution of functional redundancy and divergence among duplicates. Because most RLK/Pelle members have no known function, it is unclear what the relative contribution is between redundancy and divergence in this gene family.
Genetic and biochemical analyses have contributed to the discovery of a number of proteins that interact with RLK/Pelle family members. Among them is an interesting class of proteins resembling the extracellular domains of several RLKs termed receptor-like proteins (RLPs; Jeong et al., 1999) . The RLP CLV2, a putative transmembrane protein containing Leu-rich repeats (LRRs), has been shown to have a similar loss-of-function phenotype as its receptor partner, the LRR containing RLK CLV1 (Kayes and Clark, 1998) . Furthermore, CLV2 interacts with CLV1 physically (Jeong et al., 1999) . The maize (Zea mays) ortholog of CLV2, Fasciated Ear 2, also has similar function in meristem development, but its receptor counterpart is not known (Taguchi-Shiobara et al., 2001) . The S-locus glycoprotein, resembling the extracellular part of SRK, is involved in selfincompatibility in Brassica spp., similar to its receptor counterpart (Cui et al., 2000) . Another RLP, Too Many Mouths (TMM), is a transmembrane protein with LRRs involved in stomatal patterning (Nadeau and Sack, 2002) . It is not known, however, whether TMM is functionally associated with an RLK. Given the diversity of extracellular domains in RLKs (Shiu and Bleecker, 2001a) and their potential functional association, it is of interest to investigate the diversity of RLPs and their relationship with RLK extracellular domains.
In this study, we present a detailed analysis of the RLK/Pelle family with the intent of further delineating the family and exploring the relationships between the RLK/Pelle members and all other kinases in Arabidopsis genome. We conducted a detailed analysis of kinases from available eukaryotic genomes to establish the relative abundance of this gene family in different eukaryotic lineages. To evaluate the importance of tandem and large-scale duplications in the expansion of the RLK family, the duplication pattern is examined for all RLK/Pelle subfamilies. Finally, a genome-wide survey is conducted to assess the relationships between RLKs and the structurally related RLPs.
RESULTS

The RLK/Pelle Family Constitutes 60% of All Kinases in Arabidopsis
It has been shown that Arabidopsis RLKs belong to a monophyletic gene family distinct from other families of eukaryotic protein kinases (Shiu and Bleecker, 2001) . To determine the relative size of the RLK/Pelle gene family in the superfamily of eukaryotic protein kinases in Arabidopsis, a survey was conducted to retrieve all potential kinase sequences. In addition to known RLK/Pelle family members, 431 new kinase sequences were found (for a complete list, see Supplement A; supplemental data can be viewed at www.plantphysiol.org). To determine whether these sequences possess the kinase subdomain signatures, the predicted kinase domains were aligned with kinase family representatives (Shiu and Bleecker, 2001b) . The 31 sequences that missed more than 40% of alignable regions or most of the conserved residues were removed from the kinase domain alignments. The remaining 400 genes have readily identifiable kinase subdomains.
In prior analyses, the RLK/Pelle family was delineated by first searching the Arabidopsis genome with known RLK sequences and then by phylogenetic analysis of candidate RLK sequences and kinase family representatives (Shiu and Bleecker, 2001b) . To define the RLK/Pelle family members in the context of all kinases, the kinase domain alignment of the 400 kinase sequences and representative RLKs/RLCKs was used for phylogenetic reconstruction. Additional kinase family representatives, including sequences of previously defined RLK/Pelle subfamilies, were added to the alignment to facilitate the delineation of different kinase families. The result is shown in Figure 1 (see Supplement B for fully expanded phylogeny with gene names). The various kinases sequences can be readily divided into families based on the phylogeny. The RLK/Pelle representatives from Arabidopsis and human, as predicted, form a monophyletic group. In the 400 kinase sequences analyzed, 23 sequences are more closely related to the RLK/Pelle family than any other kinase families. Five of them fell into the same clade as RLK/Pelle representatives. The remaining 18 sequences form a distinct sister group to the RLK/Pelle family. Therefore, the size of the RLK/Pelle family is expanded to 625 representing 60% of the kinases in the Arabidopsis genome. land plant lineage (Shiu and Bleecker, 2001b) . Because several eukaryote genomes representing a wider range of taxonomic groups are now available (Table I) , it is of interest to determine the relative size of the RLK/Pelle family in these genomes to further assess the assertion of lineage-specific expansion in plants. To address this question, similar procedures for retrieving Arabidopsis kinases were used to identify kinases in the genomes of organisms listed in Table I . The RLK/Pelle family members were identified based on their relationships to the included RLK/Pelle representatives. The relationships of all non-Arabidopsis RLK/Pelle to Arabidopsis RLK/ Pelle family were verified by building amino acid sequence alignments of the kinase domains for phylogenetic inference. The phylogeny is shown in Figure Table I , none of the four fungal genomes examined contained recognizable RLK/Pelle family members. However, the presence of family members in Plasmodium sp. and animal genomes suggests an origin for the RLK/Pelle family in a common ancestor of all genomes examined. The consistently low gene numbers in genomes other than Arabidopsis suggest that a dramatic expansion occurred in the plant lineage. On the other hand, the absence of family members in the fungal genomes examined indicates the RLK/Pelle family may be lost in fungal lineages after fungus-metazoan split.
Nearly All Putative Transmembrane Kinases in Arabidopsis Belong to the RLK/Pelle Family
Two-thirds of the RLK/Pelle family members are transmembrane receptor kinases. To determine Figure 1 . Relationships among Arabidopsis protein kinases. The kinase sequences were identified from the Arabidopsis genome, and an alignment was generated using the kinase domain amino acid sequence. The phylogeny was inferred from the alignment using the neighbor-joining method with 100 bootstrap replicates (bootstrap values shown in Supplement B). The tentative kinase families were assigned based on nodes with more than 30% bootstrap support. The family names were given based on known sequences in each family. In the context of all kinases, representative RLK/Pelle members all fall into a monophyletic group as predicted. Interestingly, a group of kinases is found to form a sister group to the RLK/Pelle family (arrowhead a). In addition to RLKs in the RLK/Pelle family, the IRE1-like genes are the only other receptor kinases found in Arabidopsis (arrowhead b). The IRE1 family genes are not the closest relatives to RLK/Pelle members, suggesting that the receptor kinase configurations have arisen independently between these two kinase families. CDPK, Calcium-dependent protein kinase; CaMK, calmodulin-dependent kinase; SnRK2, SNF-related protein kinase 2; PvPK, bean protein kinase; NPH1, non-phototropic hypocotyl 1; S6K, ribosomal protein S6 kinase; LeSPAK, tomato self-pruningassociated kinase; NIMA, never in mitosis A; CDK, cyclin-dependent kinase; GSK3, glycogen synthase kinase 3; CK2, casein kinase 2; NtNPK1L, Nicotiana protein kinase 1 like; HsWNKL, human with no Lys kinase-like; RTK, receptor Tyr kinase; MAPK, mitogen-associated protein kinase; MAPKK, MAPK kinase; MAPKKK, MAPKK kinase.
whether other kinase families also contribute kinase domains to transmembrane receptors, the 424 non-RLK/Pelle kinase sequences were examined for the presence of putative signal sequences and transmembrane regions. We found that 15 of these sequences have putative signal sequences and three have putative transmembrane regions N-terminal to the kinase domains (see Supplement A). Two sequences, At5g24360 and At4g12020, were found to possess both signal peptides and transmembrane regions with C-terminal kinases. Further examination of At4g12020 indicates that it represents a misannotation between two genes. On the other hand, At5g24360 is closely related to the IRE1 ER membrane protein found in most eukaryotes (Urano et al., 2000) . At least two other IRE1-like genes can be found in Arabidopsis based on kinase domain similarity (At2g17520 and At3g11870). To see whether IRE1-like genes are more closely related to RLKs than to other kinases, a phylogenetic analysis was conducted using representatives of different kinase families from both Arabidopsis and human. Arabidopsis IRE1-like genes and human IRE1 form a wellsupported clade with a high bootstrap value (Fig. 3) . However, they are not the closest relatives to RLKs, Rafs, or animal Tyr kinases. This conclusion is also supported by the phylogenetic analysis of Arabidopsis kinases (Fig. 1, arrow b) . These findings suggest that the receptor configurations of RLKs and IRE1-like genes may have arisen independently, and IRE1-like genes represent the only other receptor Ser/Thr kinases identified in Arabidopsis genome.
The RLK/Pelle Family in Arabidopsis Can Be Classified into Multiple Subfamilies
RLKs in the RLK/Pelle family contain a variety of extracellular domains, and RLKs with similar extracellular domains have similar kinase domains ( Fig.  4A) . This relationship provides a phylogenetic basis for classifying the RLK/Pelle family. However, a few interesting exceptions to this generalization are present. For example, the S-domain, LRK10-like, and CrRLK-like RLKs can be found in more than two different clades (Fig. 4A, arrows) . To further investigate the validity and correctness of the phylogeny generated based on kinase domain sequences, the exon-intron organization of all RLK/Pelle family members was examined based on the gene models released by the MIPS Arabidopsis Database (MAtDB). We first determined the number of predicted exons in each gene and superimposed the information onto the kinase phylogeny (Fig. 4B) . Numbers of exons correlate well with both the kinase phylogeny and the identity of extracellular domains.
To investigate whether the introns in related RLKs are homologous, we generated protein sequence alignments for each subfamily and examined the intron locations and phases (the location of the splice junction within a codon). We found that there are at least 43 distinct intron insertion sites in the kinase domains of all RLKs (data not shown). In most cases, members of the subfamilies defined according to the kinase phylogeny and the identity of extracellular domains have conserved intron placements and phases within the kinase domains and within the full-length genes (for the graphical representation of domain prediction, intron information, and classification, see Supplement C). On the basis of the kinase phylogeny, the extracellular domains, and/or the intron information, the RLK/Pelle family is subdivided into 46 different subfamilies (Table II) . At1g66980 shared high similarity with LRKs10-like 2 subfamily members but has an unrelated extracellular domain resembling glycerophosphoryl diester phosphodiesterase. It is therefore classified into a single-member subfamily not present in previously published classification schemes (Shiu and Bleecker, 2001b) .
It should be noted that, although the three molecular characters examined are largely in agreement with one another, there are a noticeable number of exceptions. Where the multiple sequence alignments Table II are aligned with putative RLK/Pelle members from the genomes listed in Table I . The phylogeny inferred based on the alignments is shown on the left with branches leading to Arabidopsis sequences in green, to animal sequences in red, and to Plasmodium sp. in blue. The numbers on the base on the branch indicate bootstrap support out of 1,000 replicates. Branches with than 5% support are collapsed. All genomes except Arabidopsis have few RLK/Pelle members. The identifiers for Arabidopsis follow the convention: gene name, subfamily designation, and synonym (if available). For the other genomes, the identifier follows: species abbreviation, sequence name from the source database (see Table I indicate missing or extra sequences between members of a subfamily, the junctions of such anomalies in many cases coincide with the predicted intron junctions.
Proteins That Resemble the Extracellular Domains of Several RLK Subfamilies Are Present in the Arabidopsis Genome
RLPs, proteins that resemble the extracellular domains of RLKs, have been shown to play roles in RLK signaling (Jeong et al., 1999) . Given the diversity and abundance of RLKs in Arabidopsis, it is not known what types of RLKs have corresponding RLPs. In addition, the elucidation of RLPs may shed light on the potential origin of novel RLKs. It is therefore of interest to determine the diversity and abundance of RLPs in the Arabidopsis genome. Using the extracellular domains of RLKs as queries, candidate RLPs were obtained from the Arabidopsis genome through similarity search with BLAST. After eliminating known RLK sequences and sequences similar to nucleotide binding site-LRR putative R genes, the 178 candidate RLP sequences were combined with the representative extracellular domain sequences. These sequences were clustered with the unweighted pair group method with arithmetic mean (UPGMA) algorithm using transformed E values as the distance measure. The resulted cluster diagram reflects the similarity between sequences over the alignable regions where a shorter bifurcating branch implies a higher sequence similarity (Fig. 5) .
The candidate RLPs can be subdivided into several clusters based on sequence similarity alone. After superimposing the domain prediction on the clusters, the boundary between clusters becomes clearer. Five of these 178 candidate RLPs however are located right next to a downstream kinase on the chromosome (Fig. 5, red arrows) . In all cases, closely related sequences resemble the fusions between these five proteins and their downstream kinases. Therefore, they likely represent the N-terminal ends of misannotated RLKs.
More than one-half of the putative RLPs contain various numbers of LRRs. However, most of these LRR-containing RLPs are more similar to one another than they are to LRR containing RLKs. The exceptions are the subfamilies LRR I (Fig. 5 , blue branches) and LRR II (Fig. 5, red branches) . A large number of LRR RLPs are more closely related to the tomato resistance gene Cf (data not shown). Several other RLK subfamilies also have corresponding RLPs, including Lysin motif, DUF26, CrRLK1-like, glycerophosphoryl diester phosphodiesterase-like, LRK10-like, thaumatin, legume lectin, and S-locus receptor kinase subfamilies. More than 50% of these RLPs are found in tandem repeats (based on the criteria outlined in "Materials and Methods"). Moreover, there are 21 RLPs found in close proximity to a related RLK. Some of these RLK-RLP tandems are located within large clusters of RLKs, suggesting that they may be derived from or may give rise to RLKs with similar extracellular domains (ECDs). 
One-Third of the RLK/Pelle Family Members in Arabidopsis Are Found in Tandem Clusters
The RLK family represents approximately 60% of kinases and 2.5% of all predicted protein-coding genes in Arabidopsis. The large number of genes in this family raises several questions concerning its expansion. By examining the chromosomal distribution of four RLK/Pelle subfamilies on chromosome 4, it was found that tandem duplication and large-scale segmental duplication/reshuffling may represent the major mechanisms contributing to the expansion of the RLK/Pelle family in Arabidopsis (Shiu and Bleecker, 2001b) . To expand the analysis to all members of this gene family and to evaluate the relative importance of these two mechanisms in the whole Arabidopsis genome, we examined the chromosome locations in conjunction with the phylogenetic relationship of all RLK/Pelle family members and the chromosome duplication patterns hypothesized by the Arabidopsis Genome Initiative (2000) . On the basis of the criteria that tandem duplicated genes are located within 10 predicted open reading frames or within 30 kb of each other and that only genes of the same RLK subfamilies are considered, we found that there were 50 clusters of RLKs with 2 to 19 genes. A total of 210 genes were found in tandem repeats, representing 33.6% of all RLKs (Table III; see also Supplement D for the location and identity of duplicated genes). Subfamilies vary greatly in the extent of tandem duplication. In the 20 subfamilies with more than 10 members, DUF26, l-lectin, LRR I, LRR VIII-2, S-domain I, and WAK-like subfamilies all have more than 60% of their members in tandem repeats. These findings indicate that tandem duplication represents one of the major mechanisms of RLK expansion in Arabidopsis.
Large-Scale Duplications Represent Another Major Mechanism for the RLK/Pelle Expansion
To determine the contribution of the wholegenome duplication and reshuffling that has been postulated (Arabidopsis Genome Initiative, 2000), we compared the chromosome duplication pattern with the location of RLKs/RLCKs and their phylogeny. The results are shown in Table III (see also Supplement D for a list matching the genes in the duplicated regions). Among the 625 RLKs, 470 were found in the hypothesized duplicated/reshuffled regions, whereas 155 were located outside. Within the duplicated regions, 125 were singular genes (genes not in tandem repeats) with a close relative found in the corresponding duplicated regions. In addition, 143 genes in 19 clusters were found to have one or more close relatives in the corresponding duplicated regions. Therefore, 43% (263) of the Arabidopsis RLK/Pelle members can be accounted for by the large-scale duplication pattern. However, the remaining 202 RLK/Pelle sequences within the duplicated regions do not have a corresponding relative, suggesting the involvement of gene loss or more localized duplications. Nonetheless, these results indicate that largescale segmental duplications, in conjunction with tandem duplications, are partly responsible for the expansion of this gene family in Arabidopsis.
DISCUSSION
The Predominance of the RLK/Pelle Family in Arabidopsis
RLKs in plants have been found to play important roles in a multitude of different processes. Given the complexity of cellular communication in multicellular organisms and the size of the RLK family, it is widely speculated that this family may represent one of the major receptor systems for intercellular signaling pathways in plants. Another receptor kinase family found in Arabidopsis is the receptor His kinases with six members including ethylene receptor ETR1 (Bleecker and Kende, 2000) and cytokinin receptor CRE1 (Inoue et al., 2001) . In a prior analysis, we found that RLKs belong to a large gene family with more than 600 members. However, only a few RLK homologs (based on kinase domain sequences) can be found for human, fly, and worm (Shiu and Bleecker, 2001b) . With an extended analysis of completed eukaryotic genomes, this gene family still has very low gene number in all animals, although two rounds of genome duplications seem to have occurred in the vertebrates (Fig. 2) . The presence of only one gene in each Plasmodium sp. genome suggests that the ancestral gene number for this gene family is likely to be small before the divergence of plants, animals, fungi, and protists. Because RLKs are absent in all fungal genomes examined, a subsequent gene loss may have occurred after the split between animal and fungi and before the divergence of the ascomycetes genomes analyzed. It should be noted that the bootstrap support for the monophyly was merely 15% (Fig. 2) . However, it has been demonstrated that plant RLK/RLCKs and metazoan Pelle kinases are monophyletic (Shiu and Bleecker, 2001b) . In addition, the metazoan sequences in the RLK/ Pelle family all have the same domain configuration (data not shown). The low bootstrap support for the RLK/Pelle family is most likely due to the sequence (Figs. 1 and 3) . IRE1 is an endoplasmic reticulum-resident protein mediating the unfolded protein response (Urano et al., 2000) . The closest relatives of RLKs are Raf-type kinases, but not IRE1-like genes. Their relationships argue that the receptor configurations found in these two receptor families have arisen independently.
Molecular Diversity of the RLKs and the Presence of RLPs in the Arabidopsis Genome
On the basis of the combined analysis of the kinase phylogeny and extracellular domains, the RLK/Pelle family was subdivided into 46 different subfamilies. This classification is in general supported by the predicted gene structures of all RLKs/RLCKs. It should be noted that the kinase phylogeny alone is, in some cases, insufficient for delineating subfamilies due to weak bootstrap support. Additional criteria, such as domain organization and gene structures, provide additional evidence to support or refute the relationships inferred strictly from phylogeny. Interestingly, the same extracellular domains are found to form RLKs with kinase domains of distinct evolutionary origin within the RLK/Pelle family. In the case of S-domain, fusions with three different RLK/ Pelle subfamilies are evident (S.H. Shiu, unpublished data). If these domains form fusion with other proteins with equal frequency and efficiency, the multiple independent fusion events observed between these domains and the kinases from the RLK gene family but not any other kinase families or nonkinase proteins would indicate that the fusions formed with the kinase of the RLK/Pelle were retained preferentially. In the analysis of the human genome, it is found that molecular complexity and diversity of proteins can be accomplished through fusion between unrelated protein domains (Lander et al., 2001; Venter et al., 2001 ). This process is not a metazoan-specific process but is likely to be a general theme in all living organisms. In plants, the RLK/ Pelle family represents a good example for domain reuse in different molecular contexts.
In addition to the diversity of RLKs, a large number of RLPs resembling the RLK extracellular domains are present in the Arabidopsis genome. For the RLPs with known function, both CLV2 and SLG have been implicated to function in the signaling pathway involving RLKs, CLV1, and SRK, respectively (Jeong et al., 1999; Cui et al., 2000) . Interestingly, both CLV2 and CLV1 extracellular domain contain multiple LRRs. SLG is related to the extracellular domains of SRK (which is similar to the S-domain subfamilies). It seems to suggest that some RLKs may require a signaling partner, secreted or associated with membrane, and that partner may be related to the extracellular domains of RLKs in question. In this analysis, several distinct groups of RLPs were found to be related to RLKs. These RLPs may be functionally related to their RLK counterparts. After excluding potentially misannotated sequences, there were 173 RLPs which fell into 20 similarity clusters (Fig. 5) . Interestingly, 21 of these RLPs were found to be within 10 predicted genes to related RLKs. In all 3Ј regions examined, no sequence resembles known kinases at either the protein or the nucleotide level. However, it is not known whether such association has any functional significance. Several of these RLPs are located in large clusters of RLKs and may have arisen through unequal crossovers.
Xa21D, an RLP from rice illustrates the potential roles of RLPs found in RLK clusters. Xa21D presumably is derived from a duplication event that gave rise to itself and Xa21, a rice RLK conferring resistance to bacterial pathogen (Wang et al., 1998) . Subsequent transposon insertion in Xa21D resulted in a truncated protein with only the extracellular domain. Surprisingly, Xa21D still confers partial disease resistance. This finding suggests that RLPs recently derived from RLKs may still have similar function to its RLK progenitor. It is therefore possible that RLKs and RLPs in a tandem cluster have overlapping functions. On the other hand, the RLPs may be created fortuitously and become pseudogenes quickly. A comparison of synonymous and non-synonymous substitution rates in these genes may help resolve this issue. It should be noted that several subfamilies of RLKs do not have obvious RLP homologs in the Arabidopsis genome. Because the search was conducted with an E value cutoff of 1 ϫ 10 Ϫ10 , related but divergent sequences may be excluded. However, the absence may also indicate differences in the signaling mechanisms of these RLKs from those with closely related RLPs.
Expansion of the RLK/Pelle Family
A large size difference exists between the numbers of RLK/Pelle family members in different eukaryotes, and there is little question that this family has undergone expansion in land plants based on the over-representation of RLK/Pelle expressed sequence tags (ESTs) in various land plant lineages (Shiu and Bleecker, 2001b ) and a preliminary analysis of the draft versions of rice genomes (S.-H. Shiu, unpublished data). It is known that both tandem duplications and segmental duplications, or even whole-genome duplications have occurred in Arabidopsis (Arabidopsis Genome Initiative, 2000; Vision et al., 2000) . In this study, the locations of all RLKs/ RLCKs were examined to determine the relative im-portance of tandem duplication and segmental duplication. We found that 33% of RLK/Pelle family members are found in 50 clusters. The percentage of tandem repeats in this gene family is 2-fold higher than the average of tandem duplicated genes in the whole Arabidopsis genome (Arabidopsis Genome Initiative, 2000) . It should be noted that we estimated tandem duplication in a conservative fashion by considering only closely related genes of the same subfamily instead of using similarity score cutoff alone. The differences between the percentage of RLK/Pelle members in tandem repeats and that of the genome average would be even more pronounced if the same criteria were used.
From the regions that underwent segmental duplication as defined by the Arabidopsis Genome Initiative (2000), we found that 470 RLK/Pelle family members are located within the duplicated regions. Among them, 268 genes have at least one related gene of the same subfamily in the corresponding duplicated regions. These genes are most likely remnants of large-scale duplication events. However, 202 RLKs/RLCKs in these regions do not have a corresponding paralog. It is possible that the corresponding paralogs had been mutated beyond recognition and lost over time. It is also possible that some of these genes were derived from relatively more localized scale duplication events not examined, such as suggested by Vision et al. (2000) . Another possibility is transposition facilitated by transposon or retrotransposon activity, although no convincing case of such activity has been found in this gene family (data not shown). A total of 155 RLK genes are located outside of the duplicated regions. Some of these genes may lie inside the more localized duplicated regions. In addition, the original detection scheme may be sensitive to differential gene loss and may have missed regions that were duplicated but have become too degenerate to be detected with the approaches used. It has been shown that more duplicated blocks are recovered through comparisons of all segments with similar but not identical gene contents (Simillion et al., 2002) . A detailed analysis based on the delineated area would likely reduce the number of genes lying outside of the duplicated regions. In any case, a much higher proportion of tandem duplicates is found in the regions of proposed largescale duplications, indicating potential interactions between these two mechanisms. It is possible that, after large-scale duplication events, these duplicates were directly involved in the generation of tandem repeats.
Retention of Duplicates
Gene duplication occurs at a high rate in eukaryotes, but the vast majority of gene duplicates were lost within a few million years (Lynch and Conery, 2000) . Most gene families in living organisms are small, and the large gene families such as the RLK/Pelle family are exceptions rather than the norm (S.-H. Shiu and K. Mayer, unpublished data) . Therefore, it is of interest to consider how natural selection appears to have favored retention of duplicated genes in the RLK/Pelle family in plants. The distribution of this gene family in the genomes examined supports the notion that the RLK/Pelle family maintained a low gene number before the divergence of plants, animals, and Plasmodium sp. If each tandem duplicated region is regarded as a single locus, there will be a total of 465 RLK "loci" because 210 of the 625 RLK/Pelle members are found in 50 clusters. Assuming the presence of four ancestral RLK genes before the split between plants and animals and that all duplicated genes were retained, then seven rounds of whole-genome duplication could account for the number of RLK loci in the Arabidopsis genome. Vision et al. (2000) proposed that at least four large-scale duplication events had occurred 100 to 200 million years ago at approximately the time of angiosperm diversification. This notion is also supported by a similar study accounting for potential gene loss (Simillion et al., 2002) . Although these duplication events do not necessarily encompass the whole genome, they account for some of the required duplication events leading to the expansion of the RLK gene family in Arabidopsis. Because the inference of large-scale duplication events involved evolutionary rate estimates, it is possible that older events are not detected due to the saturation of substitutions. Given the evidence from EST analysis of plant lineages that the RLK family had already undergone significant expansion early in the evolution of land plants (Shiu and Bleecker, 2001b) , the time scale involved will have provided many opportunities for additional large scale duplication events that are not recognized.
One important assumption in estimating the number of whole-genome duplications required is that most, if not all, duplicated RLK genes were retained. Because the rate for duplication and loss are both high in general, it is likely that the observed duplication events may reflect only a subset of the duplications that have occurred. Nonetheless, the RLK/ Pelle family members seem to be retained at a much higher rate compared with the average gene or gene families in Arabidopsis. For any pair of gene duplicates, they may first experience relaxation of selection because a loss-of-function mutation on one copy would not have deleterious consequences. Some duplicates may become pseudogenes within several million years. This then raises the question whether many members in this gene family are pseudogenes or are descendants of very recent duplication events. The average protein sequence similarity for each RLK/Pelle subfamily ranges from 30% to 90%. This indicates that some subfamilies are quite divergent and argues against the notion that they were dupli-cated recently. The subfamilies with high similarity are mostly genes located within tandem clusters that may indicate their recent origin or a propensity for gene conversion. Five genes in addition to the 625 RLK/Pelle members are annotated as pseudogenes. There are potentially more pseudogenes because some members of this family are truncated when compared with their close relatives. But the fact that members that show anomaly in their domain organizations account for less than 3% of the whole gene family argues against the notion that pseudogenes contribute much to the size of the RLK family. In addition, nearly 50% of genes in this family have one or more ESTs. More detailed expression analyses will likely show that more RLK/Pelle members are expressed.
Another explanation for the large gene number in this gene family is that the duplicates were quickly established to take on a subset of the original functions or novel functions. Considering the functions of RLKs in plant development, RLK/Pelle duplicates might have been retained because they conferred additional controls for tissue differentiations to provide control system necessary for the development of more complex multicellular traits. Alternatively, several RLK/Pelle members have been implicated in disease resistance. During the period of relaxed selection on gene duplicates, the regions responsible for binding specificity may diversify and result in genes with new specificity. Subsequently, these genes were retained for their contribution in recognizing new components of the pathogens or symbiotic organisms. Continued studies on the functions of individual RLKs in plants, coupled with comparative genomic studies, will certainly provide insights into the evolutionary history of this interesting family of plant receptors.
MATERIALS AND METHODS
Sequence Retrieval and Annotation
For a list and the accession numbers of the 610 RLK family members analyzed, see Shiu and Bleecker (2001) . The eukaryotic Ser/Thr/Tyr kinases in Arabidopsis were identified with the procedures detailed below. Following Hanks and Hunter (1995) and Hardie (1999) , we used 52 plant and animal sequences from different eukaryotic Ser/Thr/Tyr kinase families to conduct batch BLAST searches (Altschul et al., 1997 ) against the July 4, 2001, release of the Arabidopsis genome from MAtDB (http://mips.gsf.de/proj/ thal/) with an E-value cutoff of 1. In a preliminary analysis, we found that an E-value cutoff of 0.1 allowed us to recover all selected kinase family representatives. Therefore, a more relaxed E value of 1 was chosen in an attempt to include all potential kinases. A total of 1,235 sequences retrieved based on this criteria were regarded as "potential" kinases. Structural domains of all sequences were defined according to the SMART (Schultz et al., 2000) and Pfam (Sonnhammer et al., 1998) databases. One thousand and thirty-one sequences had kinase domains detected by either of these two databases with the default parameters. After eliminating sequences in the RLK family, 431 of these "candidate" kinases were included in further analysis as described in the next section. To determine whether these candidates were putative transmembrane proteins, the database outputs from SMART were examined. Only sequences with both signal sequences and transmembrane regions were regarded as putative receptor kinases. The Arabidopsis kinase complement defined was updated according to the November 12, 2002, release of the Arabidopsis proteome from MAtDB. Similar procedures were used to retrieve kinase sequences from other genomes listed in Table I .
Alignment and Phylogenetic Inference
The kinase domain sequences of the candidates defined in the previous section were compiled and aligned using ClustalX (Higgins et al., 1996) . All sequences were aligned against sequence profiles of representative eukaryotic kinases (Shiu and Bleecker, 2001b) . The weighing matrix used was BLOSUM62 with the penalty of gap opening 10 and gap extension 0.2. The alignments generated were manually adjusted according to the subdomain signatures of eukaryotic kinases (Hanks and Hunter, 1995) . A candidate kinase was regarded as "true" kinases if more than 60% of the defined kinase domains was present and were "alignable." The alignable criterion is based on a detailed examination to determine whether the target sequences contained most, if not all, of the kinase subdomain signatures. Phylogeny of the aligned sequences was generated with the neighbor-joining method (Saitou and Nei, 1987) , and bootstrap analyses were conducted with 100 replicates, for each organism listed in Table I . Aminoglycoside kinase (APH(3Ј) III) from Staphylococcus sp. (P00554) and the Arabidopsis homolog of RIO1 family kinases (S61006) were used as outgroups. These two genes are divergent members of the eukaryotic kinase superfamily and are hypothesized to be ancestral eukaryotic kinases (Hon et al., 1997; Leonard et al., 1998) . The RLK/Pelle family is defined as the clade that contains RLK/Pelle representative sequences and forms sister group relationships to Raf kinases and receptor Tyr kinases.
Domain Organization and Gene Structure of the RLK Gene Family Members
The gene models used in this analysis were based on the released information available from MAtDB July 4, 2001, sequence release and updated according to the November 12, 2002, release. The gene models for all RLK family members were extracted and used to calculate intron location and insertion phase (the position of intron insertion relative to the bases in a codon). For each RLK subfamily defined by Shiu and Bleecker (2001b) , a full-length alignment was generated. After manual adjustment of alignments, the intron locations were mapped onto the alignments to determine if the intron sites were homologous between members of the same subfamilies. All output files of SMART queries using full-length RLKs/RLCKs were parsed to obtain information on domain identity and coordinates of domain junctions. The domain organization and intron information of all RLK family members were consolidated and the graphical display was generated (see Supplement C).
Survey of Arabidopsis Proteins with Similarity to the Extracellular Domain of RLKs
Thirty-five representative RLKs were chosen from all RLK subfamilies with at least 50% members that contain predicted transmembrane regions in similar positions. The ECD was defined as the region between the end of signal sequence (or the first residue if signal sequence was absent) and the beginning of transmembrane regions. These putative ECDs were used to conduct BLAST search against the Arabidopsis protein set. With a cutoff threshold of 1 ϫ 10 Ϫ10 , after eliminating known RLK sequences and sequences that were more similar to nucleotide binding site-LRR putative R genes, candidate RLPs were obtained. Molecular features adjacent to these candidate RLPs were examined to determine whether they likely represented RLKs that split into two parts. In addition, the 3Ј regions were examined for kinases not annotated. The putative RLPs are defined as the sequences that do not represent split genes and have no unannotated kinase sequences in the 3Ј direction with the same orientation. For the classification of putative RLPs, the sequences of the ECDs of RLK representatives and the putative RLPs were used to conduct BLAST search against the database formatted with the same sequence set. The E values of pair wise comparisons were transformed to represent distance measures and were used to generate similarity clusters with the UPGMA algorithm implemented in the program MEGA2 (Kumar et al., 2001 ).
Physical Map Location and Criteria for Determining Duplicated RLK Family Members
The locations of RLKs in the form of coordinates on the Arabidopsis chromosomes assembled from BAC sequences were obtained from MAtDB. Adjacent genes were regarded as tandem repeats if they were within 10 predicted genes apart or within 30 kb of each other and if they belonged to the same subfamily. On the basis of the postulated large-scale duplication and reshuffling of the Arabidopsis genome (Arabidopsis Genome Initiative, 2000), the coordinates of the genes flanking the duplicated regions (kindly provided by Dr. Heiko Schoof from MAtDB) were used to determine whether any given RLKs/RLCKs were located in the duplicated regions (see Supplement D). Comparisons of all RLK family genes in each pair of duplicated regions were then conducted to determine whether any RLK sequences was likely products from the duplication events. RLK sequences were regarded as products of the duplication events if one or more relatives from the same subfamily could be found in the corresponding regions.
